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ABSTRACT: Self-organized wrinkled templates are homogeneously
fabricated over a large area (cm2) glass substrates by defocused ion
beam irradiation, demonstrating the capability to induce and modify at
will the out-of-plane tilt of the nanofacets with selected slope. We
identify a region of morphological instability which leads to faceting
for incidence angles of the ion beam with respect to the surface, θ, in
the range 15° ≤ θ ≤ 45°, while for normal incidence, θ = 0°, and for
grazing incidence at about 55−60° a flat morphology is achieved. The
crucial parameter which controls the slope of the sawtooth profile is
the local ion beam incidence angle on the facets which corresponds to
the maximum erosion velocity. For θ = 30°, improved lateral order of
the templates is found which can be exploited for the anisotropic
confinement of functional layers. Here, we highlight the crucial role of
the 1D nanopatterned template in driving the anisotropic crystal-
lization of spun-cast conductive polymer thin films in registry with the faceted nanogrooves. In response, anisotropic electrical
transport properties of the nanopatterned film are achieved with overall improvement higher than 60% with respect to a flat
reference, thus showing the potential of such transparent large-area templates in nanoelectronics, optoelectronics, and biosensing.
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1. INTRODUCTION
The controlled nanopatterning of large area templates has
recently attracted interest in a variety of fields, ranging from
optoelectronics and biosensing to flexible nanoelectronics,
where the development of fast and cost-effective solutions is
crucial.1−3 One aspect that has recently emerged deals with the
possibility to tailor the electronic, optical and/or chemical
properties over macroscopic scale by patterning surfaces in the
form of periodic nanoscale oriented facets. This capability has
recently enabled the effective tuning of the optoelectronic
properties (band gap engineering) in two-dimensional (2D)
materials grown on top of template substrates and in van der
Waals heterostructures.4−6 In a similar way the optical
properties can be modified in subwavelength metasurfaces7−9
based on plasmonic antennas featuring linear and nonlinear
generation,10−13 hyperbolic dispersion,14 or on flat-optics
gratings,15,16 with a strong impact in nanophotonics, optical
spectroscopies, and sensing.17−19 In this context, the possibility
to tailor the electrical conductivity at the nanoscale in
plasmonic gratings20,21 or the possibility to influence the
nanostructure and crystallization of conducting polymeric thin
films22,23 is particularly appealing for applications such as
biosensing,24 medical diagnostic,25 and flexible electronics.26,27
However, the nanofabrication of highly ordered nano-
gratings has been so far mainly relying on top-down
lithographic approaches, characterized by a high resolution
but practically limited in terms of capability to (i) produce out-
of-plane tilted nanostructures and (ii) functionalize large area
templates in a cost-effective way. In order to overcome the first
issue, 3D nanostructures have been so far achieved via complex
gray scale lithography processes28 or, very recently, via electron
beam lithography combined with tilted metal evaporation,29
demonstrating tunable shape at the nanoscale but poor control
on the out-of-plane tilt of the nanostructures.
In view of surface functionalization over a large area, a
variety of self-assembled nanofabrication methods based either
on direct interparticle interaction or on driven self-assembly
have recently emerged,30,31 demonstrating a strong potential
for applications of pseudoperiodic planar assemblies of
Received: December 10, 2020
Accepted: February 2, 2021
Published: February 15, 2021
Articlewww.acsanm.org







































































































nanostuctures. Alternatively, large-area arrays of nonplanar
nanostructures can also be achieved by exploiting self-
organization at surfaces under the destabilizing action of
external driving forces, for example, induced by defocused ion
beam irradiation.32−35 Under this condition, periodic vertical
patterning of the surface of different materials (either
crystalline semiconductors and metals, or amorphous dielectric
substrates) can be effectively induced over macroscopic areas.
The nanoscale morphology can be tailored by simply acting on
macroscopic parameters such as ion species, ion dose, ion
incidence angle or substrate temperature. Periodic pattern
formation in the case of amorphous substrates is determined
by the orientation of the ion beam projection on the surface,
and results from the interplay between the erosive action of the
ion beam, and the relaxation of the corrugated profile by
isotropic surface diffusion (both thermally activated and ion
induced).32,36,37 In the case of crystalline metal substrates38,39
surface destabilization by the erosive action of the ion beam is
instead counteracted by nonisotropic surface mass transport
oriented along the thermodynamically favored crystallographic
orientations. At variance with amorphous substrates for which
the orientation of the periodic features is determined by the
ion beam projection on the surface, crystalline metal substrate
anisotropic diffusion favors recrystallization along the energeti-
cally most favored crystal orientations. In this way, it is possible
to obtain the growth of out-of-plane oriented facets under
specific conditions, such as controlled deposition and/or ion
irradiation of crystalline surfaces.36 More recently, very similar
results have been achieved by irradiating semiconductor
surfaces34 above their recrystallization temperature40−42
enabling several seminal experiments in nanophotonics and
photochemistry which exploit high-aspect ratio crystalline
nanostructures (e.g., nanocones, nanopits) characterized by
oriented ridges that register with the crystallographic
planes.43,44 However, this approach is intrinsically limited to
high-quality crystalline materials, opening a crucial issue in
view of cost-effective applications in optoelectronics and
flexible organic electronics, which are generally based on
transparent low-cost substrates. The possibility to fabricate
faceted periodic patterns with controlled periodicity, height,
and slope at the surface of low cost amorphous substrates thus
represents an open issue to be addressed in view of
technological applications. A slope selection mechanism has
been predicted at the surface of amorphous materials under
grazing incidence sputtering for which geometrical shadowing
plays a crucial role.45 However, the experimental observations
so far available for semiconductor surfaces describe the
formation of relatively disordered patterns at high ion
fluencies.46,47 Recently, the intriguing possibility to induce an
asymmetric faceting instability not related to shadowing has
been theoretically predicted in continuum models which differ
from the usual Kuramoto-Sivashinsky equation by the
inclusion of a cubic nonlinearity.48,49
Here we demonstrate that ion-induced wrinkling can be
engineered to fabricate large-area self-organized nanopatterns
on a cm2 scale with tailored facet orientation on a low-cost
transparent dielectric substrate such as soda-lime glass, a
material which is commonly employed as a functional template
for many optoelectronic applications. The possibility to trigger
the growth of a high-aspect ratio nanopattern via ion-induced
solid-state wrinkling50 is here pushed further, demonstrating
the nanofabrication of one-dimensional (1D) arrays of out-of-
plane oriented faceted ridges with tailored slope, deep
submicrometer periodicity, and elongation exceeding several
micrometers. Remarkably, we show the possibility to control at
will the tilt of these quasi-1D nanoscale facets by simply
changing the ion irradiation angle on the glass substrate,
evidencing a peculiar slope selection mechanism.
The possibility to exploit large area nanorippled templates in
cost-effective functional application in optoelectronics and
plasmonics has been recently highlighted.19,50,51 Here, we
move a step further and demonstrate the possibility to exploit
these 1D faceted glass templates to alter the structure of
conducting polymeric thin films processed from solution. As an
example, thin films of PEDOT:PSS, a prototypical material of
relevance in organic flexible electronics,52,53 are spun cast on
top of the wrinkled nanopatterns and exhibit a measurable
structural anisotropy in registry with the template pattern. As a
consequence of this structural anisotropy, the electrical
transport properties exhibit a remarkable anisotropic improve-
ment of the electrical conductivity perpendicular to the
periodic ridges, exceeding 60% when compared to a reference
film deposited on flat substrates.
2. EXPERIMENTAL SECTION
2.1. Glass Nanopatterning and Morphological Character-
ization. Nanopatterning of low-cost glasses (soda lime) is performed
by defocused ion beam sputtering (IBS) in a custom-made ultrahigh
vacuum setup equipped with a gridded multiaperture ion source
(TECTRA). This source generates a defocused Ar+ ion beam (5N
purity), whose energy is fixed at 800 eV, while ion extraction is
allowed by a metallic grid, polarized with a bias voltage Vgrid = −200
V. Under this condition, the ion flux reaching the sample at normal
incidence is about 9.4 × 1015 ions cm−2 s−1 and the beam is
characterized by an angular divergence of about ±2°/3°. We
performed a set of different IBS experiments by selecting the ion
beam incidence angle θ with respect to the glass substrate surface
normal direction in the range of 0°−55° (see sketch in Figure 1a). A
biased tungsten filament (Vbias = −13 V), providing electrons by
thermoionic emission, is placed close to the extraction grid in order to
compensate surface charging due to ion implantation. The substrate
temperature during IBS is monitored with a K-type thermocouple
placed in thermal contact with the sample holder in proximity of the
sample. The glass substrate is heated up during the IBS process in a
controlled way recurring to a Firerod heater, placed in thermal contact
with the sample holder. The morphology of the self-organized rippled
glass template has been investigated by scanning electron microscopy
(SEM) with the instrument Hitachi SU3500, and by atomic force
microscopy (AFM) using the instrument Nanosurf S Mobile. The
slope distribution and line profile of the nanoripples are extracted
from the AFM images exploiting the software WSxM.
A representative SEM image of these large-area wrinkled
nanopatterns is shown in Figure 1d, where faceted ridges as long as
several micrometers are clearly visible thanks to the presence of a thin
Au film selectively coating one side of the asymmetric wrinkled profile
(brighter regions in the SEM image). This morphology extends
homogeneously over macroscopic scale (∼cm2).
2.2. PEDOT:PSS Thin Film Preparation and Character-
ization. PEDOT:PSS films were prepared by spin coating a
PEDOT:PSS water solution (PH1000, Clevios) with 5 v/v%
DMSO addition on the nanopatterned glass templates (see sketch
in Figure 1b) and on flat glass substrates used as reference samples
(size: ∼1 cm × 1 cm). The spin coating speed used was set to 1500
and 2000 rpm. The total time for the spin coating was 2 min and the
samples were annealed for 10 min at 130 °C to remove any remaining
solvent trace.
AFM measurements were performed using a DI EnviroScope
(Veeco) system in tapping mode acquisition at ambient temperature.
For each samples, two different regions were analyzed using a scan
size ranging from 1 to 20 μm. The obtained images were treated using
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Nanoscope Analysis 1.8 (Bruker) software. A first order flattening was
applied to each image to remove any background noises registered
during the experiments.
The films thicknesses were measured by a profilometer (Veeco,
Dektak 6M). The thickness is 90 nm for the films cast at 1500 rpm
and 60 nm for the films cast at 2000 rpm.
Electrical properties for the spun cast PEDOT:PSS films were
measured by using an Ossila four-point probe system (see in Figure
1c). The electrical conductivity was measured in five different regions
of each sample and for three different samples of each kind in order to
obtain the average value and the dispersity of the electrical
conductivity. The I−V curves for some of the PEDOT:PSS thin
films are reported in Figure 2.
Grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed at the multipurpose X-ray instrument
for nanostructure characterization (MINA) in Groningen. The
instrument is built on a Cu rotating anode providing a collimated
250 μm X-ray beam of wavelength λ = 0.15413 nm. The GIWAXS
patterns were acquired using a Vantec500 Bruker detector placed 10
cm away from the sample. The thin films supported on glass
substrates were placed in GIWAXS geometry and aligned at an
incident angle with respect to the incoming X-ray beam of αi = 0.25°
using a Huber goniometer stage. The GIWAXS patterns originally in
pixel coordinates were corrected for the so-called missing-wedge effect
and converted to the parallel qr and quasi-vertical qz component of the
scattering vectors using the GIXSGUI Matlab routine54 and according



































where 2θf is the scattering angle in the horizontal direction and αf is
the exit angle in the vertical direction. The parallel component of the
scattering vector is thus calculated as = +q q qx yr
2 2 .
3. RESULTS AND DISCUSSION
Defocused ion beam irradiation of low-cost soda lime glass
substrates heated up near the glass transition temperature,
reading about 550−600 °C,55 induces the formation of highly
ordered ripple nanopatterns, as sketched in Figure 1a. These
templates, shown in the SEM image of Figure 1d and in the
AFM topography of Figure 3a, extend homogeneously over
large-area, at the cm2 scale. Irradiation with Ar+ ions was
performed at the off normal incidence angle θ = 30°, keeping
constant the substrate temperature at about 680 K, near the
glass transition point of the substrate. The process was
performed for an exposure time as long as 1800 s, which
corresponds to an ion fluence of about 1.4 × 1019 ions cm−2.
Under these conditions the growth of periodic ripples,
endowed with enhanced vertical dynamic and lateral order, is
observed. The cross-section profile extracted by the AFM
images of Figure 3a and reported in Figure 3b (plot not in
scale), clearly shows formation of high aspect-ratio nanoripples
with typical height in the range of 60−70 nm, periodicity of
about 200 nm (as confirmed by the two-dimensional (2D) self-
correlation of the AFM image shown in Figure 3c), and
asymmetric profile. These nanostructures show the strong
amplification of the vertical dynamic of the nanopattern (up to
10-fold), selectively induced when ion irradiation is performed
on glass substrates heated up near their transition point, where
the substrate viscosity drops by several order of magnitude. As
recently demonstrated in ref 50 under this condition a
wrinkling instability can occur at the nanoscale level due to
the presence of an ion-induced compressively stressed surface
Figure 1. (a-c) Schematic view of the self-organized nanofabrication
of the asymmetric faceted nanopattern, the following spin-coating of
conductive thin polymer films (PEDOT:PSS) in registry with the
faceted nanogrooves, and the final four-point probe conductivity
measurements performed over large-area circuits, respectively. d)
Scanning electron microscopy (SEM) image of the self-organized
wrinkled nanopatterns. A thin Au film selectively coating only one
side of the asymmetric wrinkled profile (brighter regions in the SEM
image) highlight the presence of faceted ridges as long as several
micrometers.
Figure 2. I−V curves for (black) PEDOT:PSS:DMSO spun cast on
bare flat glass and on the faceted nanostructured glass measured along
(red line) and perpendicularly (blue line) with respect to the ripples
direction.
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Figure 3. (a,b) AFM topography (white scale bar 800 nm) (a) and line profile (not in scale) (b) of the nanoscale wrinkled template induced on
glass surfaces by ion irradiation at θ = 30° (ion fluence 1.4 × 1019 ions cm−2), keeping the substrate temperature at about 680 K. (c) Two
dimensional (2D) self-correlation pattern (white scale bar 800 nm) extracted from the AFM topography. The inset shows the 2D correlation profile
(light-blue bar) extracted along the direction perpendicular to the wrinkles ridges, in proximity of the maximum and demonstrating a pattern
periodicity of 200 nm. (d) Histogram of slopes α of the wrinkles calculated as local first derivative of the nanostructures profile dz/dx from the
detected AFM image of panel (a). The counts are normalized to the integral area of the curve.
Figure 4. AFM topographies of the ripples template obtained by defocused ion beam sputtering at the substrate temperature of 680 K. All of the
samples were irradiated with the same ion fluence of 1.4 × 1019 ions cm−2 under different ion incidence angles θ. Panels a−f correspond to
experiments performed at θ = 0°, 15°, 25°, 35°, 45°, and 55°, respectively. The inset of each AFM image corresponds to its 2D self-correlation
pattern. All of the white scale bars correspond to 800 nm.
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layer that can effectively relax, thus enabling a strong
enhancement of the vertical dynamics of the nanopattern.
Additionally, a high degree of order is observed in both the
SEM and the AFM image (Figures 1d and 3a, respectively)
that are characterized by wrinkles as long as several
micrometers, while the AFM cross-section profile (Figure
3b) highlights the presence of oriented ridges.
In order to analyze the surface topography, we calculated the
histogram of the ripple slope α = ∂z/∂x, as the local first
derivative of the nanostructures profile z(x,y) with respect to
the horizontal coordinate (x) (Figure 3d). The latter highlights
the presence of a preferential orientation of the nanoscale
ridges tilted at 30° (sharp peak in the histogram) which
corresponds to the ripple facets not directly facing the ion
beam. In parallel, the ripple sides facing the ion beam (α < 0°
in Figure 3d) show a broader slope distribution extending up
to 45°−50°. These features highlight the capability to achieve
self-organized nanofabrication of quasi-1D periodic nano-
patterns characterized by an asymmetric out-of-plane tilted
profile. In order to investigate the origin of the faceting
behavior and the possibility to control the facet tilt at the
nanoscale, we performed a set of IBS experiments at variable
ion beam incidence angle θ, while keeping fixed the substrate
temperature and the ion fluence.
Under normal incidence irradiation, θ = 0° (Figure 4a), an
almost flat topography is achieved (note the almost 10-fold
decrease of the vertical scale bar) and the RMS surface
roughness, w, drops to 4 nm with a residual contribution from
an isotropic network of shallow pits. This outcome, in
accordance with experimental results reported so far,36,56
highlights the crucial role played by the ion beam direction on
the evolution of a faceted nanopattern. Prevailing observations
for semiconductors and oxide substrates treated by ion
sputtering describe pattern formation with ridges elongated
perpendicular to the ion projection only for incidence angles
exceeding a critical value of around 45°,57−59 while a region of
morphological stability is found to prevail for near normal
incidence angles due to the dominance of ballistic smoothing
mechanisms or to relaxation induced by surface confined
viscous flow.59−61
In this context, the glass soda lime substrate thus represents
a significant anomaly since a morphological instability is
observed for a low incidence angle θ = 30°, as clearly
demonstrated in Figure 3. In Figure 4b−e, the morphology of
the rippled templates achieved after sputtering at θ = 15°, 25°,
35°, and 45° are shown, respectively, after irradiation at the
same ion dose. Strikingly, for incidence angles as low as θ =
15° (Figure 4b) anisotropic quasi 1D ripples are formed with a
wavevector of the pattern parallel to the ion beam projection
similar to the experiment of Figure 3. The AFM images clearly
show that the ripple morphology is significantly affected by the
ion incidence conditions with a strong improvement of lateral
order and slope selection and an increase of the typical ripple
length exceeding 4 μm when incidence angle is around 30°
Figure 5. (a,b) RMS roughness w (red dots) and periodicity λ (blue dots) of the rippled templates plotted as a function of the ion incidence angle.
(c,d) fwhm of the maximum identified in the slope distributions of panel (e) (purples dots), and local ion incidence angle θL on the selected facets
(highlighted in the sketch of panel e) (orange dots), plotted as a function of θ. (e) Histogram of slopes corresponding to the rippled templates
obtained at θ = 15° (orange line), θ = 25° (black line), θ = 30° (gray line), θ = 35° (red line), θ = 45° (green line), θ = 55° (blue line). The counts
are normalized to the integral area of each curve. (f,g) Sketches of the evolution of the ripple profile, and plot of the sputtering rate measured on the
same soda-lime glass as a function of θ, respectively.
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(AFM topography in Figures 3a, 4c, and 2D self-correlation
images in insets of Figure 4). In a more quantitative way, in
Figure 5a (upper panel) we show the evolution of the surface
roughness w as a function of θ, which follows a bimodal
modulation. A 10-fold roughness amplification from 4 nm up
to 39 nm is observed as θ increases from 0° to 15°, followed by
a slight decrease to about 27 nm in the high order region
around 25° and 30°; a substantial increase of w up to 42 nm is
observed when the incidence angle grows to 45°, followed by a
re-entrant smoothening transition with a sharp 10-fold drop of
RMS roughness to w = 4.8 nm when θ reads 55°.
For the periodicity λ (Figure 5b), determined by the cross
section of the 2D self-correlation (insets of Figure 4a−f), a
similar bimodal trend is observed but now the maxima are
shifted to the extremes of the angular range: for θ = 0°, the
wavelength diverges into a singularity (shaded area), while a
minimum of λ in the range of 200 nm is found at the
intermediate angle of 25°. For θ = 45° (AFM topography in
Figure 4e), λ increases to 767 nm, and a substantial
restructuring of the surface profile takes place: the topography
is dominated by ripple facets as wide as 800 nm with a vertical
amplitude of the nanopattern exceeding 200 nm. Remarkably,
the surface morphology strongly changes when further tilt of
the ion irradiation angle to θ = 55° is chosen (Figure 4f);
under this condition the wavelength diverges and a singular
plane is observed to expand across the whole surface. The lack
of any rippling instability at θ = 55° suggests that peculiar ion
smoothing conditions are achieved for this specific incidence
angle.
In order to better understand the physical origin of this
surface instability, in Figure 5e we analyzed the evolution of
the nanoscale slope distribution as a function of the ion
incidence angle. In the figure, we show the histograms of facet
slope (α) derived from the AFM images representing the
ripple pattern obtained at θ = 15° (orange line), 25° (black
line), 30° (gray line), 35° (red line), 45° (green line), and 55°
(blue line). These distributions highlight four main effects: (i)
All of the experiments performed for θ < 55° (except for the
case of 0°) lead to uniaxially faceted templates, with a strongly
peaked maximum in the slope distribution at positive angles.
(ii) The characteristic slope α of the selected facets, identified
by the histogram maximum, is rigidly shifted in steps of 10°
equivalent to the increment in ion incidence angle θ. (iii) The
strong asymmetry of the slope distributions (Figures 3d, 5e)
with the presence of a negative tails down to −50°
demonstrates the growth of asymmetric sawtooth-like ripple
profile. (iv) The slope selection process is most effective for
incidence angles close to 30° (as revealed by the fwhm of the
Figure 6. AFM height and phase images for the PEDOT:PSS spun cast on bare flat glass (a,b) and on the nanostructured glass (c,d). The spin
coating rate used was 1500 rpm. The scan window size is 1.1 × 1.1 μm, and the white scale bars are 200 nm.
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peak in the histogram distribution which reaches a minimum
value of 3° for θ = 30°, Figure 5c.
On the basis of these observations, a slope selection
mechanism driven by the local, angle-dependent erosion rate
can be envisaged for positive values of the slope, which can be
described in terms of the local incidence angle, θL, referred to
ions impinging downhill on the selected facets, as sketched in
Figure 5f. The plot of θL as a function of θ (Figure 5d) clearly
highlights that the dynamic evolution of the ion-eroded surface
profile selects those characteristic planes which are locally
irradiated at an angle θL ≈ 60°. When the ion irradiation is
performed at θ = 55° (AFM morphology in Figure 4f), the
slope selected facets become parallel to the macroscopic
sample plane and a singular flat facet spreads homogeneously
over the whole surface. Under this condition, we thus observe
a sharp drop of the surface roughness down to 4.8 nm,
comparable to the surface roughness achieved by normal
incidence irradiation. In order to better identify the physical
origin of the observed trend, we evaluated the sputtering rate r
of Ar ions impinging on the soda lime glass substrate, as a
function of incidence angle θ. The parameter r is obtained by
measuring the height of the erosion step in correspondence to
a mask which screens the substrate from the ion flux. As shown
in Figure 5g, a monotonic increase of r is observed for 0° < θ <
55°, followed by a maximum of about 3.7 nm/sec for θ = 55°,
and by a subsequent sharp drop at more grazing irradiation
angles where the ion reflection probability becomes relevant.62
Such experimental evidence points to a crucial role of the local
erosion rate in the development of the slope selection and
faceting mechanism63 in these amorphous substrates, which
undergo an ion-induced wrinkling instability only at sufficiently
high temperatures where surface and bulk mobility are
dominant.50 The proportionality between the increase in the
observed slope and the increase of the ion incidence angle,
together with the enhanced sputtering rate measured for θ* ≈
55−60°, suggests that ion erosion rate is crucial in favoring the
growth of nanofacets with a local orientation θL ≈ θ* ≈ 55−
60° with respect to the ion beam. Remarkably, this mechanism
enables the easy and effective tailoring of nanofacet tilt over a
large area, highlighting a strong potential of these templates in
optoelectronics and nanoelectronics.
The peculiar asymmetric sawtooth profile observed suggests
that additional nonlinear instabilities should be considered and
play a significant role, as demonstrated in recent theoretical
studies;33,48 so far, however, a one-to-one comparison of the
experimental and simulation parameters is not at hand.
With the aim to move toward possible applications, and in
order to show the potential of this self-organized platforms, we
explored here the capability of these faceted large area glass
templates to alter and steer the nanoscale structure of
conducting polymers useful for organic electronics applica-
tions. PEDOT:PSS is one of the most promising conducting
polymers with wide applications in flexible electronics. In water
suspensions, insoluble PEDOT chains are complexed by the
hydrophilic PSS to form water-soluble elongated micelles.64
Upon solution casting, the micelles aggregate and the system
phase separates into PEDOT nanocrystals embedded in a free
PSS matrix.65 Addition of polar cosolvents such as DMSO and
DMF can improve PEDOT crystallization and promotes phase
separation, forming a network of elongated crystalline
aggregates and allowing PEDOT:PSS thin films to reach
conductivities of the order of 500−1000 S/cm.66
Of paramount importance for the final electrical properties is
the orientation of the PEDOT crystals, whose nature can be
either face-on (FO, i.e., the aromatic PEDOT units lie parallel
with respect to the substrate) or edge-on (EO, i.e., the
aromatic PEDOT units lie perpendicular with respect to the
substrate).66,67 Because of its very good transparency in thin
films (>90%), deposition of PEDOT:PSS on glass substrates is
very often used in organic photovoltaic and organic light-
emitting diode devices.68 Moreover, the production of
nanostructured PEDOT:PSS surfaces is interesting for differ-
ent organic electronic devices and this is commonly achieved
by expensive and multistep photolithography methods.69 Thus,
the use of nonexpensive solution-based methods to obtain
nanostructured PEDOT:PSS films is desired.
In Figure 6a−d, we report the AFM images of PEDOT:PSS
thin films deposited by spin coating at 1500 rpm from a 5%
DMSO in water suspension on a bare flat glass and on a
faceted glass template, like the one shown in Figure 4c. The
latter was prepared by ion beam sputtering at θ = 25° and is
characterized by periodic faceted ridges oriented at about 35°
slope. Generally, our AFM investigation did not show sign of
holes and dewetted regions, suggesting that high quality
PEDOT:PSS films with homogeneous coverage can be
achieved on the faceted templates. AFM analysis of the film
deposited on flat glass shows randomly oriented PEDOT
nanocrystals, easily discernible as the brighter objects in the
AFM phase images (Figure 6b). These nanocrystals tend to
aggregate into slightly elongated short nanofibrils, as reported
for films processed from water in the presence of DMSO.65
When deposited on the nanopatterned substrate, the polymeric
film tends to reproduce the wrinkled structure, as it can be
seen in the topographic AFM image in Figure 6c. Interestingly,
the film deposited on the faceted glass template shows an
improved well-developed fibrillar structure with larger nano-
domains and with some level of preferred orientation clearly
visible in the AFM phase image shown in Figure 6d. The
preferential orientation seems to be higher in the regions in
between the wrinkles where the elongated crystals appear to
have grown with their long axis perpendicular to the wrinkles.
This observation may suggest that PEDOT crystal nucleation
has occurred on the wrinkle edges, followed by directional
growth. A well-developed and interconnected fibrillar PEDOT
structure is usually responsible for an increase of the electrical
conductivity. Electrical conductivity of the thin film was here
measured along two directions, respectively, oriented parallel
(σ∥) and perpendicular (σ⊥) to main axis of the wrinkled
substrate (see Figure 2 and relative text in Experimental
Section). As a result of the anisotropic growth observed by
AFM, we record a slight but significant electrical anisotropy,
with directional conductivity values reading σ∥ = 1020 ± 20 S/
cm and σ⊥ = 1130 ± 30 S/cm, both sensibly higher than the
value of σ = 795 ± 15 S/cm measured for the film deposited
on the bare flat glass. This effect seems to be also slightly
thickness dependent but robust against the used spin coating
conditions. When the film is spun cast on the same glass
nanopattern at 2000 rpm from a 5% DMSO in water
suspension, the measured electrical anisotropy was σ∥ = 960
± 20 S/cm and σ⊥ = 1010 ± 20 S/cm, whereas the
conductivity for the thin film deposited with the same
conditions on flat glass was 630 ± 20 S/cm. In order to
further confirm the structural anisotropy of the PEDOT:PSS
film deposited on the faceted glass, we have also performed
grazing incidence wide-angle X-ray scattering analysis
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(GIWAXS, see Figure 7a−e). A clear effect of the nano-
structured glass on the PEDOT crystallite orientation is
observed by comparing the GIWAXS patterns for the film
deposited on bare flat glass (Figure 7a) with the ones for the
film deposited on the nanostructured glass (Figure 7b,c).
As a diagnostic peak, we can first consider the (100) peak
located around qy/z = 0.28 nm
−1 and related to the lateral
PEDOT interchain stacking inside the crystals (see Figure 7f).
For PEDOT:PSS deposited on bare flat glass, the (100) peak
consists of a contribution from PEDOT crystallites oriented in
an edge-on (EO) fashion, scattering along the qz direction, and
isotropically oriented crystallites, providing a continuous ring
signal (see Figure 7a). As a result, the (100) peak is observed
in both the qz and qy direction (black curves in Figure 7d,e).
On the contrary, when PEDOT:PSS is deposited on the
nanostructured substrate (Figure 7b,c), the isotropic signal is
practically absent, suggesting stabilization of edge-on (EO)
alignment of the PEDOT crystals and suppression of the
isotopically oriented crystals on the nanostructured glass.
Moreover, GIWAXS patterns acquired with the X-rays
oriented perpendicular to the wrinkles (Figure 7b) show an
increase in the intensity of the (100) peak along the vertical qz
direction with respect to the parallel direction (Figure 7d),
suggesting that the EO crystallites have grown preferentially
perpendicularly to the wrinkles. The increase in population of
the EO-oriented PEDOT crystals positively influences the
electrical conductivity, especially along the direction perpen-
dicular to the wrinkles. Also, with the lower diffuse scattering
due to structural disorder observed at low qz-values, the better
defined shape of the (100) peak and the increased (010) peak
related to a better π−π stacking of the PEDOT chains intensity
(particularly observed along the qy direction and with the X-
rays aligned along the wrinkles) indicate the higher degree of
order for the films deposited on the nanostructured glass.
These observations explain well the increase in the overall film
conductivity measured for the system deposited on the
nanostructured substrate as discussed above. It thus seems
clear that the faceted substrate alters the structure in
PEDOT:PSS thin films, inducing better ordering and
preferential alignment of the PEDOT crystals. This could be
the result of a preferential interaction of PEDOT crystals on
the faceted periodic nanostructures or the result of a difference
in the wettability of the PEDOT:PSS solution on the faceted
substrate, as this was proven to be important for other
PEDOT:PSS-based systems.70 Full understanding of the
mechanism of growth of PEDOT crystals on faceted surfaces
is outside the scope of this manuscript and future upcoming
work will specifically addresses the aspects of this intriguing
templated growth of polymeric thin films on the faceted glass
substrates. We stress that the large area templates endowed
with slope-selected facets here described are of potential
interest in a broad range of applications ranging from
plasmonics, flat-optics, and plasmon-enhanced spectroscop-
ies12,19,51 to nonlinear optics9,10 and optoelectronics.21,50
4. CONCLUSIONS
We showed the self-organized nanofabrication of large-area
(cm2 scale) nanopatterns at the surface of low-cost amorphous
substrates via ion-induced wrinkling. We achieved the
controlled growth of 1D arrays based on high aspect-ratio
faceted ridges, as long as several micrometers. These wrinkle
facets are endowed with selected out-of-plane tilt which is
tunable at will by simply changing the macroscopic ion beam
incidence angle on the sample surface. By performing a set of
experiments under different ion irradiation conditions, we
demonstrated that a slope-selection mechanism promotes the
Figure 7. Wedge-corrected GIWAXS patterns for the PEDOT:PSS spun cast at 1500 rpm on (a) bare flat glass; (b) nanostructured glass with the
X-ray aligned parallel to the wrinkled structures and (c) nanostructured glass with the X-ray aligned perpendicular to the wrinkled structures. The
extracted intensity cuts along the horizontal qy and vertical qz directions are reported in (d,e), respectively. (f) Scheme for the edge-on (EO)
PEDOT crystallites with the respective crystallographic axis. The PSS chains are not depicted here.
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growth of nanofacets with a local tilt of about 60° with respect
to the ion beam direction. The latter condition in turn
corresponds to the maximum in the angle-dependent erosion
velocity of the substrate. In this way, the growth of an
asymmetric sawtooth profile is promoted. The peculiar and
tunable features of these faceted nanopatterns qualify them as
ideal templates for cost-effective optolectronic and nano-
electronic applications. Here, we demonstrate the strong
potential of these nanostructured templates in the field of
organic electronics by triggering anisotropic crystallization of
thin PEDOT:PSS films spun cast on top of the nanopatterned
templates. In turn, the anisotropy in the PEDOT crystal
orientation induces an anisotropic enhancement of conductiv-
ity with an overall increase in conductivity of ∼60% in
comparison to flat reference films processed from solution
under comparable conditions on planar templates. The results
reported here hold promise in altering the transport properties
of conducting polymers and other small conducting organic
molecules in an inexpensive way.
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